The Bowman capsule is a component of the renal corpuscle, which is an origin of the urinary tubules that constitute the nephrons of the kidney.[@bib1], [@bib2] It is composed of the Bowman cavity, a space surrounded by parietal epithelial cell layers and visceral podocytes.[@bib3], [@bib4] Physiologically, Bowman capsules are continuously exposed to a large amount of primary urine, which is produced by glomerular capillary filtration. Indeed, approximately 150 L per day of the primary urine are filtered through the glomerular capillaries, and pass through the urinary tubules via the Bowman capsules.[@bib5] It is therefore hypothesized that changes in glomerular filtration can considerably influence the dynamics and functions of the Bowman capsule.

Glomerular filtration is maintained by ultrafiltration, which is defined by glomerular capillary pressure, plasma osmotic pressure, and Bowman capsule pressure.[@bib6], [@bib7] Despite dramatic changes in systemic blood pressure, glomerular capillary pressure is tightly controlled by an automatic regulation system of renal blood flow, including the vasoconstriction of the glomerular afferent and efferent arteries.[@bib8], [@bib9], [@bib10], [@bib11] However, it is known that conditions such as obesity, diabetes, or chronic renal failure can impair this regulation system through several mechanisms.[@bib12], [@bib13], [@bib14] As a result, these clinical situations may cause glomerular hyperfiltration, a state of overwork in the glomeruli.

The chronic rise in glomerular filtration pressure can be reflected in the enlargement of the glomerular capillaries, such as an increase in the glomerular tuft volume or glomerular diameter. Previous human and animal studies have demonstrated a close link between glomerular hyperfiltration and glomerular hypertrophy.[@bib15] Of note, previous studies have shown the significance of glomerular hypertrophy as a predictor of a subsequent loss of renal function in many types of progressive renal disease.[@bib16], [@bib17], [@bib18], [@bib19] However, despite the potential importance in the normal renal function, few previous morphometric studies have examined the size of Bowman capsules in normal human kidneys. Thus, the significance in Bowman capsule size differences between individuals remains largely unknown. This study therefore aimed to estimate Bowman capsule volume and to investigate the relationship between Bowman capsule volume and the glomerular capillary volume in subjects with various clinical conditions, including advanced age, obesity, and hypertension, but without apparent renal disease.

Methods {#sec1}
=======

Patients {#sec1.1}
--------

In the present study, we investigated biopsy specimens from donor kidneys in living kidney transplantation performed at Jikei Hospital, Tokyo, from 2005 to 2014. The kidney donors were selected according to the Amsterdam Forum guidelines.[@bib20] Subjects with renal manifestations (including apparent renal morphological or functional impairment or urinalysis abnormalities) were excluded at the time of donor selection. To evaluate the renal function, 24-hour urine was collected to investigate the amount of proteinuria, creatinine excretion, and creatinine clearance (CCr). Subjects with a urinary protein excretion of ≥300 mg/d and those with a moderately impaired renal function, defined as a CCr of \<80 ml/min, were excluded from the study. Impaired glucose tolerance, defined as hemoglobin A1c (HbA1c) \> 6.2% (National Glycohemoglobin Standardization Program \[NGSP\]), was a criterion for exclusion. The presence or a history of hypertension was not an exclusion criterion if it was controlled (systolic blood pressure \< 130 mm Hg, diastolic blood pressure \< 80 mm Hg) by diet or by the use of antihypertensive medications. Renal tissue specimens with \< 5 nonsclerotic glomeruli were also excluded based on the results of a previous study.[@bib21]

A total of 59 kidney transplant donors were recruited from the renal biopsy archives during this period. Of these samples, 22 contained \<5 nonsclerotic glomeruli and were thus excluded. Finally, 37 biopsy samples from 37 donors were included in the present study.

Definitions {#sec1.2}
-----------

"Elderly" was defined as ≥60 years of age.[@bib22] According to the criteria proposed by the Japan Society for the Study of Obesity, a BMI of ≥25 kg/m^2^ signified obesity.[@bib23] Hypertension was defined as a systolic blood pressure of \>140 mm Hg and/or a diastolic blood pressure of \>90 mm Hg, or the use of antihypertensive medications. The estimated glomerular filtration rate (eGFR) was calculated from the serum creatinine (sCr) level using a modified equation for estimating the GFR in Japanese individuals: eGFR = 194 × age^--0.287^ × sCr^--1.094^ (× 0.739 if female).[@bib24]

Pathological Analysis {#sec1.3}
---------------------

The renal biopsies of the kidney transplant donors were performed under direct vision using a needle biopsy gun. All of the biopsy specimens used in this study were obtained after transplantation, at 1 hour after the initiation of blood reperfusion. An 18-gauge biopsy needle was used in all cases. The tissues were embedded in paraffin, cut into 3- to 4-μm sections, and stained with hematoxylin--eosin, periodic acid--Schiff, Masson trichrome, and periodic acid--methenamine silver. The total number of glomeruli identified in the specimens and the percentage of glomeruli affected by global sclerosis were assessed. The area of interstitial fibrosis/tubular atrophy was semiquantitatively evaluated according to the proportion of cortical area involvement.

Morphological Measurements {#sec1.4}
--------------------------

The areas of all Bowman capsules and glomerular capillaries were measured using a computerized image analyzer (Leica IM500, Leica Microsystems, Wetzlar, Germany). Periodic acid--methenamine silver staining was basically used for the measurements. The Bowman capsule area was defined as the area of the inner side of the glomerular parietal epithelial cell layers. Likewise, the glomerular area was defined as the area of the outer capillary loops of the tuft. Glomeruli that were affected by global glomerulosclerosis were excluded from the analyses. The mean Bowman capsule area (BA) and mean glomerular capillary area (GA) were calculated by averaging all of the measured areas of the Bowman capsules and glomerular capillary loops. The mean Bowman capsule volume (BV) and the mean glomerular capillary volume (GV) were calculated from the measured BA or GA, as follows: BV = (BA)^3/2^ × β/*d* × (*f*)^-3^, GV= (GA)^3/2^ × β/*d* × (*f*)^−3^, where β is a dimensionless shape coefficient (β = 1.38 for spheres), *d* is a size distribution coefficient used to adjust for variations in glomerular size (*d* = 1.01), and *f* is a correction factor used to adjust for the volume shrinkage associated with paraffin fixation (*f* = 0.85).[@bib25], [@bib26], [@bib27] The ratio of GV to BV was defined as the G/B ratio and was analyzed in relation to the clinical variables.

Statistical Analysis {#sec1.5}
--------------------

Continuous variables were expressed as the mean ± SD. The variables were assessed for normality both visually (normal probability plot) and by inferential statistics (Shapiro--Wilk W and Kolmogorov--Smirnov tests). Continuous variables were compared by a *t* test or Wilcoxon rank-sum test, as appropriate. The clinical parameters were subjected to a univariate or multivariate linear regression analysis to determine their relationships with morphometric variables. *P* values of \< 0.05 were considered to indicate statistical significance. All of the statistical analyses were performed using the R software package, EZR (Saitama Medical Center, Jichi University, Saitama, Japan), which is based on the R software package (The R Foundation for Statistical Computing, version 3.2.2).

Results {#sec2}
=======

The Clinical and Histopathological Characteristics of Kidney Transplant Donors {#sec2.1}
------------------------------------------------------------------------------

Clinical and histopathological characteristics of the kidney transplant donors included in this study are shown in [Table 1](#tbl1){ref-type="table"}. The mean age of the donors was 56 years, and there was a female predominance. Twelve (32%) of these donors were obese and 7 (19%) had hypertension. Among the 7 donors with hypertension, 5 received antihypertensive medications (calcium antagonists in 3 cases and angiotensin type 1 receptor blockers in 2). All of the donors had a preserved renal function; their mean CCr value was 111 ml/min. A minority of the donors showed mild to moderate levels of chronic renal histopathological injury, including \>25% global glomerulosclerosis and/or interstitial fibrosis/tubular atrophy.Table 1Clinical and histopathological characteristics at the time of biopsy (N = 37)VariableMean ± SD (range) or %Clinical Age, yr56 ± 9 (36--70) Gender, % male29.7 BMI, kg/m^2^23.3 ± 3.3 (17.3--31.1) Hypertension, %18.9 Serum creatinine, mg/dl0.70 ± 0.14 (0.40--1.00) eGFR, ml/min per 1.73 m^2^76 ± 16 (58--119) Creatinine clearance, ml/min111 ± 22 (80--171) Urinary protein excretion, mg/d35 ± 36 (0--134) Serum albumin, g/dl4.2 ± 0.3 (3.6--5.1) Serum uric acid, mg/dl4.8 ± 1.0 (2.2--7.2) Serum total cholesterol, mg/dl217 ± 32 (159--294) Serum triglyceride, mg/dl120 ± 59 (39--330) Hemoglobin A1c, %5.2 ± 0.3 (4.5--5.9)Histopathological Number of glomeruli identified in specimens19 ± 8 (6--34) Number of glomeruli included in morphometric analysis18 ± 8 (5--34) Glomeruli affected by global glomerulosclerosis, %5.0 ± 7.0 (5.0--29.0) Interstitial fibrosis and/or tubular atrophy, %6.5 ± 5.6 (0--30.0)[^1]

Morphological Measurements {#sec2.2}
--------------------------

Representative examples of the areal measurements of the Bowman capsules and glomerular capillaries are shown in [Figure 1](#fig1){ref-type="fig"}. The results of the morphometric analyses are summarized in [Table 2](#tbl2){ref-type="table"}. Bowman capsule and glomerular capillary volumes were separately analyzed. In this cohort of living-donor kidneys without apparent renal disease, both the BV and GV varied by up to 6-fold among the individuals. The mean G/B ratio was 0.63 ± 0.05. Similar results were obtained when the donors who were treated with antihypertensive medications were excluded (n = 32, data not shown).Figure 1Representative examples of the measurements of the Bowman capsule and glomerular capillary areas. The Bowman capsule area and glomerular capillary area were measured using a computerized image analyzer. (a) The Bowman capsule area was defined as the area of the inner side of the glomerular parietal epithelial cell layers. (b) The glomerular area was defined as the area of the outer capillary loops of the tuft. Periodic acid--methenamine silver staining (original magnification ×400).Table 2Comparisons of morphological parameters between the groups categorized by clinical valuables in relation to renal functionParameterAll (N = 37)Female (n = 26)Male (n = 11)*P*Nonelderly (n = 23)Elderly (n = 14)*P*Nonobese (n = 25)Obese (n = 12)*P*Normotensive (n = 30)Hypertensive (n = 7)*P*Creatinine clearance, ml/min111 ± 20113 ± 22108 ± 230.531111 ± 18111 ± 270.970111 ± 23112 ± 200.907112 ± 22109 ± 210.724Bowman capsule volume, × 10^6^ μm^3^6.10 ± 2.465.85 ± 2.096.65 ± 3.230.3755.51 ± 2.487.06 ± 2.180.0635.46 ± 1.997.42 ± 2.900.0215.66 ± 2.287.92 ± 2.580.027Glomerular capillary volume, × 10^6^ μm^3^3.83 ± 1.523.70 ± 1.344.09 ± 1.920.4873.44 ± 1.524.47 ± 1.320.0453.39 ± 1.244.71 ± 1.700.0123.54 ± 1.375.05 ± 1.630.016Glomerular capillary volume/Bowman capsule volume ratio0.63 ± 0.050.63 ± 0.050.62 ± 0.060.5000.63 ± 0.060.64 ± 0.050.5480.62 ± 0.050.64 ± 0.050.3170.63 ± 0.060.64 ± 0.050.732

The donors were divided into subgroups based on the clinically available categorical variables, including gender, age, obesity, or hypertension. The morphometric variables were then compared between the subgroups with reference to the CCr value, which reflected the renal function. Renal function did not differ among the subgroups. The volume metrics for the Bowman capsules and glomerular capillaries were both significantly larger in elderly, obese, and hypertensive individuals. However, the G/B ratio was not affected among the subgroups.

Multivariate Analyses of Factors Associated With BV and GV {#sec2.3}
----------------------------------------------------------

The BV and GV were separately subjected to univariate and multivariate analyses, which investigated their association with continuous clinical variables ([Table 3](#tbl3){ref-type="table"}). In the univariate analyses, age, BMI, and mean arterial pressure (MAP) were significant factors for both the BV and GV. In the multivariate analyses, age, BMI, but not MAP, were identified as factors that were associated with both the BV and GV. Similar results were obtained when we excluded the individuals who were treated with antihypertensive medications (n = 32, data not shown).Table 3Factors influencing Bowman capsule volume and glomerular capillary volume by univariate and multivariate regression analysesVariableBowman capsule volumeGlomerular capillary volumeUnivariateMultivariateUnivariateMultivariate*rPtPrPtP*Age, yr0.3390.0402.420.0040.3710.0242.740.010BMI, kg/m^2^0.553\<0.0013.68\<0.0010.553\<0.0013.81\<0.001MAP, mm Hg0.3640.0271.140.2620.3400.0400.920.366[^2]

Correlation Between BV and GV {#sec2.4}
-----------------------------

The BV and GV both showed wide variation of up to 6-fold among individuals, and the values were tightly correlated (*r* = 0.980 \[95% confidence interval = 0.961−0.990\], *P* \< 0.001; [Figure 2](#fig2){ref-type="fig"}). Although the BV and GV in elderly, obese, or hypertensive subjects were significantly higher than those in nonelderly, nonobese, or normotensive subjects, the tight correlation between BV and GV was not affected by these clinical factors ([Table 4](#tbl4){ref-type="table"}).Figure 2Correlation between the mean Bowman capsule volume and mean glomerular capillary volume. Although both metrics showed wide variations between individuals, the mean Bowman capsule volume and mean glomerular capillary volume were tightly correlated. Solid line indicates an approximately straight line.Table 4Comparison of correlations between Bowman capsule volume and glomerular capillary volume in subgroups with or without categorical variablesSubjects*r*95% CI*P*All (N = 37)0.9800.961--0.990\< 0.001Nonelderly (n = 23)0.9810.954--0.992\< 0.001Elderly (n = 14)0.9710.910--0.991\< 0.001Nonobese (n = 25)0.9740.943--0.989\< 0.001Obese (n = 12)0.9830.939--0.995\< 0.001Normotensive (n = 30)0.9780.954--0.989\< 0.001Hypertensive (n = 7)0.9800.866--0.997\< 0.001[^3]

Discussion {#sec3}
==========

In the present study, we morphometrically assessed the Bowman capsule size in adults. The subjects were individuals with relatively healthy kidneys, as they all fulfilled the donor criteria for living kidney transplantation. Even among these subjects without apparent renal disease, there were considerably wide variations in the Bowman capsule size. Our finding, that the Bowman capsule volume varied by up to 6-fold among individuals, is fairly consistent with a previous report by Hoy *et al.*, who showed that the renal corpuscle volume varied by up to 5.6-fold in an adult autopsy series that included Australian Aborigines, Australian whites, African Americans and U.S. whites.[@bib28] Among the factors that were analyzed, age and BMI were identified as being closely associated with both the BV and GV. Of note, the BV and GV showed a tight correlation, regardless of these factors.

Obesity is known to cause various metabolic, hemodynamic, and structural alterations in the kidneys.[@bib29], [@bib30], [@bib31] A few previous studies have suggested an association between obesity and Bowman capsule size. Henegar *et al.* reported that the Bowman cavity size was increased in a canine model of obesity-induced renal injury.[@bib32] A similar result was reported by Tobar *et al.*, who morphometrically analyzed the Bowman capsule size in biopsy specimens from patients with persistent proteinuria.[@bib33] That study showed that both the Bowman cavity size and the proximal tubular size in obese patients were larger than those in lean patients, implying that the imbalanced volume ratio between Bowman capsules and glomerular capillaries in obese individuals may cause an additional pathological situation and lead to greater urinary protein excretion. Among the clinical factors that were examined in the present study, obesity was considered to have the strongest association with an enlarged Bowman capsule size. However, our results did not show an imbalance between the sizes of Bowman capsules and glomerular capillaries, even in the presence of obesity. This was probably because none of our patients showed any renal manifestations, including persistent proteinuria, and the BMI values were relatively low in the obese subjects included in this study.

In our study, aging and hypertension were factors that were likely to affect the sizes of both the glomerular capillaries and Bowman capsules; however, blood pressure was not a statistically significant factor in the multivariate analyses. Each factor was closely related to the pathogenesis of nephrosclerosis, in which both glomerular hypertension and ischemic glomerular collapse may occur.[@bib34], [@bib35] In nephrosclerosis, these hemodynamic alterations can be caused by both the breakdown of the renal arterial auto-regulatory system and the narrowing of the intrarenal arterial lumens.[@bib34], [@bib35] In fact, the concomitant appearance of histopathological changes such as glomerular hypertrophy and glomerular collapse is often found within the kidney of the same subject in patients with advanced nephrosclerosis.[@bib36] Assessing the sizes of the glomerular capillaries and Bowman capsules might help to elucidate complex pathological situations such as those that exist in patients with advanced nephrosclerosis.

Despite the wide variation in each metric, the mechanisms underlying the balanced volume ratio between Bowman capsules and glomerular capillaries remain largely unknown. Recent studies suggest the pathological importance of parietal epithelial cells, which are located outside the layers of Bowman capsules. Activated parietal epithelial cells can invade the glomerular tuft at the site of adhesion.[@bib37], [@bib38] Parietal epithelial cells are not a simple set of cell layers; rather, they are an important source that is responsible for the repair of glomerular injuries and possibly for the maintenance of the normal filtration function. Thus, the volume ratio of the Bowman capsule and glomerulus may be extremely important in the sense that it defines the spatial distance between the parietal epithelial cells and the podocytes covering the glomerular capillaries. It is noteworthy that temporal changes in the ratio of the glomerular capillary area to the Bowman capsule area were demonstrated in a rat model of chronic Masugi nephritis.[@bib39] That study clearly showed a transient increase in the ratio at the initial phase of glomerular injury, followed by the paralleled restoration of the ratio. A study using a rat model of diabetic nephropathy also showed a similar trend, suggesting that such dynamic changes are commonly involved in the glomerular response to injury, regardless of the trigger.[@bib40] Future studies should be extended to include pathological conditions in humans that may lead to such an imbalance within the renal corpuscles.

Our study does have some limitations. First, the current study included a limited number of subjects; thus, the small sample size might have influenced the results of the statistical analyses. Second, in our measurement method, we averaged all of the cross-sectional areas that were observed on the specimens, and thus could not recognize the variations among renal corpuscles within the individuals, as was previously reported in the measurement of the glomerular tuft size.[@bib41] Third, although the kidney specimens were obtained from individuals with normal renal function, the kidneys were reperfused after the shutdown of the blood flow during transplantation surgery, and they may not necessarily reflect the physiological situation. In addition, it should be noted that morphological changes occur in the processing and fixation process of the specimens. For these reasons, we are not able to define the actual "golden ratio" between the Bowman capsule volume and the glomerular capillary volume based on our current results.

In conclusion, we used morphometric approaches to analyze the volume of Bowman capsules and investigated the related factors in adults with normal renal function. Although our results showed that Bowman capsule volume is significantly influenced by age and BMI, the volume ratio of Bowman capsules and glomerular capillaries was not affected by these factors. Thus, these results suggest that there may be an optimal volume ratio that is physiologically suitable, or that achieves the most effective glomerular filtration.
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[^1]: BMI, body mass index; eGFR, estimated glomerular filtration rate.

[^2]: BMI, body mass index; MAP, mean arterial pressure.

[^3]: CI, confidence interval.
